ABSTRACT
INTRODUCTION

134
Complementation of chiS mutant 135 For complementation of chiS mutant, the open reading frame of chiS was PCR amplified by 136 using Taq polymerase and Pfu polymerase (Promega) at a ratio of 2:1 and primers mentioned in 137   Table S1 and cloned into pBAD-TOPO TA expression vector as previously mentioned protocol 138 (Mondal et al., 2014) . The cloned vector was transformed into chiS mutant strain (ChiS‾) and the 139 complemented strain was denoted as ChiSᶜ. The complemented strain was induced by 0.2% 140 arabinose (Sigma). were grown up to log phase in minimal-lactate media with or without mucin as mentioned 147 previously. In case of in vivo hexosaminidase assay bacteria were collected from intestinal 148 samples. Equal amount of bacteria (1×10 8 c.f.u/ml) were taken from each sample, washed and 149 treated with toluene at a ratio of 10 l/ml of culture. The mixture was shaken vigorously and 150 kept at RT for 20 min. 0.1 ml of each of these treated bacteria was mixed with 0.1 ml of 1 mM 151 substrate i.e PNP-GlcNAc in 20 mM Tris-HCl (pH 7.5). The reaction mixture was incubated at 152 37C for 60 min. 0.8 ml of 1M Tris-base was added to stop the reaction. The reaction mixture 153 was centrifuged to separate the cell debris and optical density of the supernatant was measured at 154 400 nm. Total enzymatic activity was analyzed after measuring total protein by Lowry method 155 and then calculated as p-nitrophenol produced per minute per mg of total protein.
to 1×10 8 c.f.u/ml and mixed in a ratio of 1:1000 either lactate or mucin supplemented minimal 161 medium. The cultures were maintained at 37C under constant shaking at 180 rpm for 72 h 162 (Mondal et al., 2014) . For analysis of viable counts cultures were diluted and plated on LB agar 163 supplemented with streptomycin (Vercruysse et al., 2014) . Motility of all V. cholerae strains were examined on soft agar plates by a previously mentioned 180 protocol (Yeung et al., 2012) . The soft agar plates contained minimal media supplemented with 181 0.4% porcine mucin and 0.3% agar. All the strains were grown to log phase and 1 l of each of 182 the cultures were spotted on soft agar plates and incubated at 37C for 15 h. Motility were 183 analysed by measuring the diameter of the surface motility zone.
185
Mucin penetration assay
186
The assay was performed according to previously described protocol (Liu et al., 2008) . In brief,
187
1% mucin columns were prepared in 1ml syringes. Log phase cultures were taken, washed and 188 0.1 ml of culture containing equal number bacteria (10 8 c.f.u/ml) were added from the top of 1% 189 mucin columns. Columns were then kept at 37C under static conditions. After 30 min of 190 incubation 500 l fractions were collected from the bottom of the columns, serially diluted and 
HT-29 cell adhesion assay
194
For detection of bound bacteria in HT-29 cell, we followed a modified procedure from 195 previously used protocol was followed (Debnath et al., 2015) . 80% confluent maintained in DMEM as mentioned before in 12 well plates and were serum starved overnight 197 before treatment. These were then treated with log phase cultures of all three strains of V.
198
cholerae at a dilution of 10 7 c.f.u/ml and incubated at 37 °C for 1 h in 5% CO2, cells were 199 washed three times with PBS and detached using 0.1% Triton X-100. Adherent bacteria were 200 counted after serial dilution by plating on LB agar plates.
For qualitative analysis of bacterial adhesion we used GFP labelled bacterial strains and followed 202 a previously mentioned protocol (Debnath et al., 2015) . HT-29 cells were cultured on glass 
Suckling mouse colonization
209
Bacterial colonization in suckling mice intestine were assessed by in vivo competition assay in 210 the procedure described before (Ding et al., 2004) . Log phase cultures of of wild type V. primers (toxT, tcpA, ctxA) designed using IDT for each transcripts (Table S1 ). Data analysis was 242 done using 7500 Real Time PCR detection system (Applied Biosystems, Foster City, California).
243
The relative expression of the target transcripts were calculated according to Livak method 244 (Livak and Schmittgen., 2001 ) using recA as an internal control. 
GM1 ELISA for CT estimation in vivo
The ability of V. cholerae strains to express cholera toxin (CT) in vivo was assayed by GM1 248 enzyme-linked immunosorbent assay (ELISA) (Holmgren., 1973) using polyclonal anti-CT 249 antibody (Sigma). CT was detected in the intestinal fluid accumulated in rabbit ligated ileal loop.
250
The fluid collected was centrifuged and filtered using 0.45 µm membrane filter (Millipore). The 251 amount of CT produced was determined using a standard curve obtained with purified CT and 252 absorbance was measured at 492 nm. The average OD 492 obtained from triplicate wells of each 253 experimental sets were considered to estimate the amount of CT present in the samples using the 254 standard curve (Patra et al., 2012) .
Statistical analysis
257
The suckling mice colonization data were graphically plotted by using Graphpad Prism software fold less and total mucinase activity to be 9 fold less in ChiS⁻ strain than the ChiS⁺ strain in 275 mucin supplemented media (Fig:S1, S2) . Therefore, this indicated that mucin induced the 
Motility and mucin penetration depends on ChiS
290
We investigated the motility of different V. Cholerae strains in presence of mucin (Fig:3A, 3B ) .
291
In plate assay, we found all the strains except ChiS⁻ showed similar motility. However, we found 292 that motility zone in case of the ChiS⁻ strain was 0.36±0.07 cm and that of the ChiS⁺ strain was 1.8±0.11 cm. Therefore, motility of the ChiS⁻ strain was reduced to 5 fold compared to the ChiS⁺ 294 strain (P< 0.05). Taken together, this indicates ChiS is required to promote motility in V.
295
Cholerae in the presence of mucin.
296
Next, we investigated the role of ChiS on mucin layer penetration in vitro (Fig:3C) . Out 297 of all the loaded bacterial cells 2.6×10 7 c.f.u/ml ChiS⁺ viable cells penetrated through mucin 298 layer, whereas, 2×10⁶ c.f.u/ml ChiS¯ strain was detected following mucin penetration. . 
305
After penetration through the mucin layer of the intestine V. cholerae needs to adhere to the 306 epithelial cells in the intestine to initiate the infection. We studied the effect of ChiS on initial 307 adherence of V. cholerae to HT-29 cells under fluorescence microscopy (Fig:4A) . The GFP 308 labelled ChiS¯ strain was less visible in adhered form with HT-29 cells compared to the ChiS⁺ 309 strain. We also studied the adhesion assay quantitatively (Fig:4B) . The bacterial count for ChiS + 310 bound to HT-29 cells was 1.08×10⁸ c.f.u/ml and that of ChiS⁻ was 1.83×10 7 c.f.u/ml. Therefore,
311
we found that the ChiS⁻ strain to be 6 fold more defective to adhere to the HT-29 cells when 312 compared to the ChiS⁺ strain (P< 0.05). ChiS* and ChiSᶜ showed adherence almost similar to the 313 ChiS⁺ strain.
314
Here, the impact of ChiS on survival of V. cholerae was also analysed by infecting mucin 315 secreting HT-29 cells (Fig:4C) . After 12 h of infection, the viable counts for the ChiS⁺ strain was 7.7×10 ⁷ c.f.u/ml and that of the ChiS¯ strain was 5.9×10⁶ c.f.u/ml in the presence of HT-29 317 cells. Our result showed that the ChiS¯ strain was 13 fold less efficient to survive when have already showed the ChiS⁻ strain to be defective in adhesion in vitro. Therefore, we next 325 examined the role of ChiS in colonization of suckling mice by using competition assay (Fig:5) .
326
The input ratio during bacterial infection was 1:1 of V. cholerae. After 18 hrs the output ratio of 327 ChiS⁻lacZ⁺/ChiS⁺LacZ⁻ was ≈0.0001 indicating a high fitness defect for the ChiS⁻ strain (P< 328 0.05). In contrast, ChiSᶜ and ChiS* strains showed almost no competitive disadvantage.
329
Additionally, we also determined the Competitive Index (CI) between ChiS⁺LacZ⁻/ChiS⁺LacZ⁺ 330 and we found CI≈1 indicating no fitness defect of the LacZ⁻ mutant over LacZ⁺. Taken together, 331 this indicated that the ChiS⁺ strain outcompeted ChiS⁻ strain in the infant mice colonization.
332
Therefore, we concluded that V. cholerae ChiS contributes in intestinal colonization. ileal ligated model by evaluating FA ratio (Fig:6A, 6B) . In rabbit intestine, infection with the 338 ChiS⁻ strain showed 6 fold reduction in fluid accumulation compared to the wild type V. cholerae ChiS⁺ after 18 h of infection (P< 0.05). Infection with ChiS* and ChiSᶜ strain showed 340 fluid accumulation similar to the ChiS⁺ strain. We also measured the c.f.u recovered from the 341 rabbit intestine (Fig:6C) . In case of the ChiS⁺ strain, bacteria recovered was 1.03×10 7 c.f.u/gm of 342 intestine and that of the ChiS⁻ strain was 7×10⁵ c.f.u/gm of intestine. Therefore, we found upto 
348
We also analysed total β-hexosaminidase activity to evaluate ChiS induction in each strains in 349 vivo from fluid accumulated samples in the rabbit intestine (Fig:7) . β-hexosaminidase activity in
350
ChiS⁺ was 102 nmoles/min/mg whereas the ChiS⁻ strain showed activity of 23 nmoles/min/mg.
351
The ChiS⁺ strain therefore, showed 4.4 fold higher β-hexosaminidase activity compared to the (Fig:8A) . We found ctxA, toxT, and tcpA RNA levels to be 361 significantly reduced by 3 fold, 4.5 fold and 4 folds less, respectively, in the ChiS⁻ strain when compared to the ChiS⁺ wild type (P< 0.05). ChiS* and ChiSᶜ showed ctxA, toxT, and tcpA RNA 363 levels similar to the ChiS⁺ strain. We also measured cholera toxin production of all the strains of 364 V. cholerae in the intestinal fluid samples from the rabbit ileal loop after 18 h of infection 365 (Fig:8B) . We found fluid from the ChiS⁻ infected ileal loop sample to contain less cholera toxin 366 (210 ng/ml) with a difference of 6.5 fold compared to the ChiS⁺ (1220 ng/ml) (P< 0.05).
367
Additionally, in AKI media ChiS⁻ strain showed significant decrease in the RNA levels of these 368 virulence genes (ctxA, toxT, and tcpA) compared to ChiS⁺ strain (Fig:S4) 
369
370
DISCUSSION
371
It has been previously reported that there are many TCS in pathogenic bacteria that contributes to The activation of ChiS is governed by chitin oligosaccharide binding protein (CBP) that 384 binds to keep ChiS in a deactivated mode in the absence of GlcNAc residues. Once CBP when binds to GlcNAc residues, it is released from ChiS leaving the sensor kinase in activated mode 386 (Li and Roseman., 2004) . We also observed that activation and deactivation cycle of ChiS takes 387 place in presence of intestinal mucin. In absence of CBP, ChiS remains constitutively active even 388 in the absence of GlcNAc oligosaccharides (Li and Roseman., 2004) . In our case also, the 389 induction by mucin was not required in the cbp mutant strain (ChiS*). Therefore, we confirmed 390 that V. cholerae ChiS is induced in the presence of mucin.
391
V. cholerae can utilize mucin as a sole nutrient source (Mondal et al, 2014 were expressed as mean ± SEM. for the enzymatic assay. The samples were used to incubate with 0.5 mg/ml porcine mucin
25
(Sigma) for 1 h at 37°C. In each case the control was done by using heat inactivated samples.
26
The reaction was stopped by adding DNS solution. The mixture was boiled at 100°C for 10 min 27 and cooled by keeping it in ice immediately after boiling. The amount of reducing sugar was 28 estimated by measuring the OD at 540 nm.
29
The amount of reducing sugar was calculated from a previously prepared standard curve. Total were repeated three times (n = 3) and the data were expressed as mean ± SEM. 
